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Contract/Grant  Title:  Near-field  thermal  coupling  of  a  nanoscale  interface  and  QED  Kapitza 
conductance  of  nanocarbon  thermal  interconnect  materials 

Contract/Grant  #:  FA9550-1 1-1-01 85 

Reporting  Period:  7/15/2011  to  7/14/2014  (with  NCE  to  7/14/2015) 

Abstract: 

Theory  of  near-field  thermal  coupling  between  a  nanocarbon  material  and  various  substrates 
was  derived.  Models  were  developed  to  cover  a  range  of  nanocarbon  dimensions  (1 D,  OD  and 
2D),  from  nanotube  films  to  forests  and  to  graphene  layers.  A  broad  range  of  semiconductor, 
insulator  and  metal  substrate  materials  was  numerically  studied.  Materials  parameters  for 
optimization  of  QED  Kapitza  conductance  were  determined,  including:  optimal  distance  which  in 
turn  depends  on  the  frequency  of  the  substrate  surface  polariton  mode  and  the  Fermi  velocity  or 
plasmon  phase  velocity  in  nanocarbons;  optimal  width  of  the  thermal  interconnect  film;  large 
surface  polarization  of  the  substrate  materials;  plasmon  frequency  of  metal  substrates;  doping 
level  for  nanocarbon  materials.  Analytical  models  were  developed  to  support  the  simulations 
and  explain  background  physics  of  the  process,  including  non-equilibrium  statistical  models  for 
strong  coupling  regime,  beyond  perturbative  solutions.  New  fundamental  effects  were 
uncovered:  topological  localization  of  surface  polaritons  at  the  nanocarbon  wires  of  lower 
dimension;  development  of  non-equilibrium  (non-thermal)  distribution  functions  of  non- 
perturbatively  coupled  surface  2D  modes.  Several  semi-empirical  models  were  developed  or 
adapted,  allowing  in  the  future  derivation  of  compact  models  for  nanocarbon  thermal 
interconnects.  Design  of  thermal  coupled  devices  was  performed  and  initial  work  on  a  prototype 
fabrication  was  done. 

(200  words) 
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Research  Summary 

During  FY1  (2011-2012): 

The  equilibrium  near-field  thermal  conductance  (NFTC)  was  theoretically  studied  for 
carbon  nanotube-silica  interface11’2’3'41. 

NFTC  of  the  vertical  forest  of  free-standing  metallic  nanotubes  (m-NT)  was  studied  in 
detail111. 

Materials  parameters  of  both  the  m-NT  and  the  polar  substrate  control  the  magnitude. 
Kapitza  conductance  with  the  magnitude  up  to  50  MW/K.m  can  be  achieved  for  a 
properly  designed  interface. 

A  power-law  decay  of  the  QED  Kapitza  conductance  vs.  the  air/vacuum  gap  has  been 
derived,  which  allows  one  to  predict  such  a  thermal  interconnect  material  (TIM)  to  me 
more  robust  against  delamination  or  cracking. 

Code  was  written  for  studying  NFTC.  The  code  uses  the  statistical  electrodynamics 
approach  for  calculating  the  partial  Kapitza  conductance  as  detailed  in  Refs.1121. 

A  new  phenomenon  of  plasmon  localization  in  vicinity  of  the  m-NT  was  observed  in 
numerical  simulation. 

Nanocarbon  TIM  performance  was  assessed  for  selected  dielectric  as  well  as  metallic 
substrates:  QED  Kapitza  conductance  was  optimized  by  varying  the  optical  matching 
conditions  of  the  materials  making  an  interface. 

Complementary  analytical  theory  for  QED  Kapitza  conductance  was  derived  for  the 
same  interface  morphology  (m-NT  forest)  as  in  the  numerical  study,  as  well  as  for  two 
other  morphologies  of  interest:  m-NT  film  and  graphene  film131. 


During  FY2  (2012-2013): 

The  study  of  the  fundamentals  of  the  equilibrium  NFTC  was  continued.  Obtained  results 
include  the  following: 

A  universal  model  of  NFTC  was  derived  for  the  interface  between  a  nanocarbon  TIM  of 
variable  dimensionality  d=0, 1 ,2  and  a  polar  insulator151.  This  choice  of  the  interface 
embraces  the  nanocarbon  thermal  interconnects  made  of  vertical  NT  forests,  horizontal 
NT  arrays  and  graphene  films. 

Electronic  and  plasmonic  mechanisms  of  NFTC  were  compared  for  a  representative 
case  of  a  NT  on  quartz161. 


Numerical  models  developed  during  the  first  stage!12]  were  extended  to  cover  thermal 
interfaces  between  NT  forest  and  metal  substrate  (for  the  first  time)  and  non-metal 
substrates  (for  a  larger  class  of  materials)!7!.  The  studies!5’8  9!  allowed  to  explain  the 
magnitude  of  QED  Kapitza  conductance  and  its  dependence  on  the  materials 
parameters  of  the  thermal  interface,  and  predict/design  the  interface  which  will  show  the 
maximal  performance. 

The  characteristic  length  scale  was  derived,  which  determines  the  range  for  the  QED 
heat  transport  mechanism:  L=go/vF~4-10  nm.  The  length  scale  is  influenced  by  the 
frequency  of  the  evanescent  modes  of  the  substrate,  oo,  and  the  density  of  states  of 
nanocarbon  TIM,  proportional  to  the  Fermi  velocity  in  nanocarbon  materials,  vF.  This 
simple  prediction  of  the  analytical  theory  matches  well  the  numerical  model  for  metal 
substrates  with  high  values  of  oo.  For  the  non-metal  substrates,  the  thermal  factor  was 
shown  to  become  important,  favoring  low-oo  materials!7!. 

See  Appendix  for  additional  publications,  invited  talks  and  seminars. 


During  FY3  (2013-2014): 

The  project  has  reached  the  final  stage.  Results  obtained  in  the  project  so  far  has  been 
highlighted  in  a  review  article  on  nanocarbons!10!  (along  with  the  cover  image  for  the 
Interface  magazine). 

The  results  were  intensively  disseminated  to  6  research  groups  (RWTH,  TMU,  JMUW, 
PUM,  UIUC,  SKKU),  seeking  for  collaborations  for  continuing  with  experimental  efforts. 
Two  groups  (RWTH,  SKKU)  expressed  interest  to  fabricate/synthesize  samples  for 
experimental  verification  of  the  effect.  One  group  (UIUC,  Dr.  Rogers)  expressed  interest 
in  receiving  theoretical  support  on  related  issue  of  NTFC  effect  in  solar  cell  devices. 
Several  briefings  by  PI  were  conducted  in  all  three  groups.  The  MOI  was  developed  with 
RWTH/University  of  Aachen  (Dr.  Stampfer)  and  with  Center  for  Integrated  Nanostructure 
Physics,  SKKU,  Korea  (Dr.  Y.  Lee,  Dr.  C.  Lim). 

The  study  of  the  plasmonic  component  of  the  near-field  heat  transport  was  continued 
beyond  the  equilibrium  approximations,  used  before.  The  models  were  developed  for 
non-equilibrium  distribution  functions  for  strongly  coupled  surface  plasmons,  contributing 
to  the  thermal  exchange. 

The  thermal  transfer  as  a  function  of  frequency  (Fourier  transform)  was  found  to 
maximize  at  the  intercepts  of  dispersion  curves  of  the  surface  polariton  modes  of  the 
substrate  and  the  plasmon-polaritons  of  the  nanocarbon  material. 

For  solving  the  problem  of  non-equilibrium  heat  exchange  non-Hermitian  Green’s 
function  method  was  applied. 

Transmission  Line  Model!11!  and  Composite  Plasmon  model  were  developed  to  derive 
compact  models  for  speeding  up  the  numerical  simulation  of  the  NFTC  in  strongly 
coupled  or  large  scale  systems. 

Within  an  analytical  model  (Green’s  function  method  in  Lippmann-Schwinger  scattering 
problem)  the  surface  polariton,  surprisingly,  was  found  to  be  bound  even  by  a  single 
nanotube. 

See  Appendix  for  additional  publications,  invited  talks  and  seminars. 

(cover  image)  Tetyana  Ignatova,  and  Slava  V.  Rotkin,  “Discovering  Properties  of  Nanocarbon 
Materials  as  a  Pivot  for  Device  Applications”,  cover  for  Interface,  the  Electrochemical  Society, 


v.  22  (3),  (2013);  Monica  Shell,  designer;  Johanna  S.  Brams,  project  manager:  IMRC,  Lehigh 
University. 


During  NCE  period  (2014-2015): 

Non-perturbative  solution  has  been  obtained  for  strongly  coupled  plasmon  modes 
between  2D  and  ID  structures!12].  The  model  explained  the  role  of  edge  states  in  finite 
size  NT  forests  in  forming  extra  branches  in  differential  thermal  conductance,  observed 
earlier  in  numerical  simulation!1!,  and  supported  modeling  of  polariton  binding  on  the 
single  NT. 

Non-Hermitian  Green’s  function  theory  has  been  derived  and  applied  to  graphene  on 

SiC!13'14!. 

Transmission  Line  model  were  further  studied  to  apply  the  theory  in  the  future  to  near¬ 
field  thermal  measurements  via  scanning  probes[15’16]. 

The  MEMS-like  device  geometry  has  been  designed,  calculated  and  masks  were  laid 
out  for  experimental  verification  of  the  theory  predictions.  Initial  experiments  were  done 
to  prove  the  fabrication  concept  for  making  the  devices!171. 

See  Appendix  for  additional  publications,  invited  talks  and  seminars. 


Appendix 

Conference/Seminar  presentations  2011-2013: 
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Slava  V.  Rotkin,  “Near-Field  Heat  Transport  in  Nanocarbons:  Go  Quantum  -  Go  Cool”,  seminar 
at  National  High  Magnetic  Field  Laboratory,  Florida  State  University,  Tallahassee,  FL  (Apr  13, 
2012). 

(CONTRIBUTED) 

Slava  V.  Rotkin,  Alexey  G.  Petrov,  “An  Essential  Mechanism  of  Heat  Dissipation  in  Nanocarbon 
Electronics”,  2013  APS  March  Meeting,  March  18-22,  2013;  Baltimore,  Maryland. 

Andrei  M.  Nemilentsau,  and  Slava  V.  Rotkin,  “Plasmon  Heat  Transport  Between  Vertical  Carbon 
Nanotube  Forest  and  Different  Substrates”,  2013  APS  March  Meeting,  March  18-22,  2013; 
Baltimore,  Maryland. 

Slava  V.  Rotkin,  Alexey  G.  Petrov,  Andrei  M.  Nemilentsau,  "QED  Interfacial  Heat  Conductance 
in  Nanocarbon  Thermal  Interconnects",  2012  Workshop  on  Innovative  Nanoscale  Devices  and 
Systems,  December  2-7,  2012.  Hapuna  Beach  Prince  Hotel,  Kohala  Coast,  Hawaii,  USA. 

Andrei  M.  Nemilentsau,  Slava  V.  Rotkin,  “Nanoscale  radiative  heat  transfer  between  a  dielectric 
substrate  and  an  SWNT”,  The  221st  Meeting  of  the  Electrochemical  Society.  Seattle, 
Washington  (May  6-11, 2012). 

(POSTER) 
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Conference/Seminar  presentations  in  2013-2014: 
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special  lecture,  Lehigh  University,  28  June  2013. 

Alexey  G.  Petrov,  Andrei.  M.  Nemilentsau,  and  Slava  V.  Rotkin,  “Plasmonic  vs.  electronic 
mechanism  of  the  QED  Kapitza  Conductance  for  nanotube  materials”,  the  223rd  Meeting  of  the 
Electrochemical  Society;  Toronto,  Ontario,  Canada  (May  12-17,  2013). 
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